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ABSTRACT 
The importance of investigating the formation of a torsion beam and understanding how 
it can be manipulated to perform at an optimum condition is crucial to car manufacturers. 
Developing and remodelling the torsion beam can allow both a simpler structure and 
quicker assembly while reducing the space required for a car suspension’s system, thus 
saving time and costs for manufacturers. 
  
Nowadays, the use of hydroforming technology has become widespread because it is able 
to obtain complex hollow parts more easily and has been continually developed to 
become a globally applied technology in the formation of a torsion beam of a vehicle. 
With regards to the current issues in academic research and real-world production, this 
research uses a finite element analysis (FEA) method-based software tool DYNAFORM, 
to simulate the pipe hydroforming process in order to show the overall manufacturing 
process, thus providing a precise FEA simulation model of a torsion beam suspension for 
the automotive manufacturing. This will also provide a math model (a regression 
equation) for further research and the further application of this technology in the future.  
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Chapter 1 Introduction 
1.1 Backgrounds and Research Outline 
In the 21st century, with the continuous innovation and research and application of 
industrial manufacturing technology, the forming technology has developed rapidly [1]. 
The hydroforming technology of pipe fittings has become very popular in advanced 
forming technology. Especially in the automotive industry, many assemblies, pressure 
weldments and body frames can be replaced by lighter, stronger, more precise and less 
expensive hydroformed parts [2]. 
 
Compared with traditional casting (solidifies the liquid metal from a mold), welding 
(joins metals by applying high heat), stamping (forms a sheet metal into a required shape 
by stamping press), forging (shapes metal by applying compressive forces) and 
machining (cuts raw materials into desired shapes) processes, the hydroforming 
technology of pipe fittings uses bending, partial forming, bulging or extrusion and 
bulging composite forming processes to form the pipe, which is able to obtain complex 
hollow parts easier. Parts produced by this method are preferred over conventional 
processes due to many advantages, such as more accuracy and less springback [3], so the 
tubular hydroformed parts have been used more and more widely. They can replace some 
forgings, castings and welded parts, and are widely used in aerospace [4], automobiles, 
office equipment, household appliances, etc., which also have brought significant 
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economic benefits, because they can reduce the usages of materials. Therefore, the 
research of this technology has become a key focus area.  
 
The outline of this research is as follows: 
(1) Numerically simulate the tubular hydroforming process of a torsion beam by using the 
finite element software tool, DYNAFORM. DYNAFORM will be applied to simulate the 
forming process of turning a tube into a torsion beam, thus the numerical data obtained 
will serve to formulate the final results.  
(2) Collect the individual results of the data (thinning rate) for each simulation in order to 
determine which simulations can be considered successful.  
(3) Generate a math model and a regression equation in MINITAB. This model and 
equation will function as a guide in predicting and also verifying the accuracy of the 
thinning rates in the actual manufacturing processes. 
(4) Analyze the collecting data (thinning rate) and determine the most significant factor in 
the experiment based on the collected data. 
(5) Determine the optimal setting (a combination of the pressure, the mesh and the 
loading time) for the manufacturing process.   
 
The purposes of the research on this subject are to find out the significant factors 
affecting the forming results, and to obtain the relationship between these factors and the 
forming results through numerically simulating the torsion beam. Then by applying the 
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tube hydroforming process and getting the best settings for the parameters, which 
improve the process technology of the system, this automated method will be promoted 
and applied in the actual manufacturing processes. 
1.2 The Torsion Beam Suspension 
The suspension of an automobile is a crucial part of the vehicle. The suspension is the 
general term for all power transmission connections between the axle (or wheels) and the 
frame (or load-bearing body). The torsion beam is a semi-independent suspension. 
Strictly speaking, the suspension has only two types, which are non-independent (Figure 
1) and independent (Figure 2).  
 
Figure 1. Non-independent suspension. 
     
 
Figure 2. Independent suspension. 
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However, the torsion beam suspension is different from the non-independent suspension 
on passenger cars, vans, minivans, so it is usually also called by another title, semi-
detached suspension [5]. The trailing arm torsion beam suspension consists of two 
longitudinal swing arms and a torsion beam that can be twisted, and the springs and 
shock absorbers are generally placed at the rear end of the trailing arm near the wheel 
bearing housing. The cross-sectional area (by cutting from the middle) of the beam can be 
basically divided into two categories: open and closed. The open can be V-shaped or U-
shaped (Figure 3). The beam is formed by stamping to form a torsion beam with variable 
cross-section, since there is not stamped at all at the original cross-sections, so as to 
improve the rigidity of both ends to maintain the stability [4].  
 
         
Figure 3. U shape and V shape of torsion beam cross-sectional area. 
 
The main functions of the suspension system are: [6] 
1. Mitigating the impact of the road on the vehicle 
2. Attenuating the vibration between the vehicle body and the wheels 
3. Transmitting the force between the wheels and the road 
4. Controlling the movement posture of the wheels and the body 
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5. Ensuring the normal running of the vehicle maintain adequate tire contact with the road 
surface under all driving conditions. 
 
The advantages of a trailing arm suspension system are that, since the entire system 
consists of only one large component, the structure is simpler than the complicated 
double wishbones, multiple links, and so on. The trailing arm suspension is mounted on 
the body as a whole [8], and the rocker arm has only two connection points to the body, 
so the assembly is also simple, and the cost is low, which is what this level of vehicle 
needs. In addition, the space occupied by the trailing arm suspension as a whole is 
relatively small. The disadvantages of the suspension system include poor bearing 
performance, weak anti-rolling ability, poor performance of good shock absorption, and 
limited comfort level. Because the trailing arm suspension operates in a manner that is 
close to a non-independent suspension [9], its shock filtering resistance or controllability 
is far less than a traditional independent suspension.   
 
Therefore, it is very important and useful to analyze the formation of a torsion beam 
suspension. This thesis will provide a precise reference model for a torsion beam 
suspension simulation in the future automotive manufacturing. This model can precisely 
predict the desired results (thinning rates and the final form of the torsion beam) through 
the use of FEA simulation. As a result, the reference model also saves time and cost in 
the actual mass production process. 
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1.3 Project Overview  
The project is offered by a company called Longchang Shanchuan Precision Welded 
Pipe Co. Ltd., and the author was working there as a Co-Op student.  
 
Figure 4. Photoshoot of Longchang Shanchuan Precision Welded Pipe Co. Ltd. 
The company is an auto parts enterprise integrating scientific research, design, production 
and sales. The company is located in the “Sichuan and Chongqing Economic Cooperation 
Experimental Demonstration Zone” in Longchang City, Sichuan Province, China. The 
area has both a convenient transportation infrastructure and skilled workers. The 
company covers an area of 63,0000 m^2 and has more than 900 employees and was 
founded in 1965. In recent years, professional level and mature technology in the field of 
precision welded pipe and vehicle damper, the company has rapidly emerged in the 
specialty field of auto parts. 
 
The author was given total responsibility for the research project work, and the work will 
be used for the real-world manufacturing process by the company and also his own 
master thesis writing. 
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This model was built by the software tool, DYNAFORM, which is a finite-element based 
software tool. The model is simulating a torsion beam which nowadays is widely used in 
the semi-independent suspension systems [10]. Since the structure of a torsion beam is 
simple and does not require too much space, it is often used in the rear suspension system 
of a front-wheel drive vehicle because its low cost. 
 
Before the simulation gets started, the company would receive a basic CAD model and a 
2D sketch file of the designated product from the customer. These files would then be 
used as a reference to define the project in the end. For example, the CAD files included 
the geometries of the torsion beam (final shape) and the dies. The shapes of dies would 
not change, and they would be considered as rigid parts during the simulation. The 2D 
drawings of the multiple views of the torsion beam, and also the cross-section views of 
the torsion beam are shown below. By observing the 2D drawings (Figure 5), we can find 
that the required length of the torsion beam, as well as the tube blank at the beginning is 
1177.6 mm, the required diameter is 101 mm, the required thickness is 3.5 mm, and 
required material is CP800, which is a complex phased steel. 
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Figure 5. 2D drawing of the front view of the torsion beam. 
Meanwhile, the CAD model files can be opened in CATIA (a multi-platform software 
tool for computer-aided design), and also will be used in DYNAFORM (introduced in 
Chapter 3) later on. However, the original shape of the torsion beam, a regular tube, will 
be created in CATIA. As for the 2D files, they will provide all the details, such as the 
multi-side views, the boundary conditions, technical requirements (Figure 6), etc.  
 
 
Figure 6. Technical requirements of the torsion beam. 
Please note that design requirement #6 is a critical dimension, this because it is the 
determining factor of whether the results can be considered acceptable.  
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Chapter 2 Theory and Literature Review 
2.1 Basic Theory and Practical Characteristics 
Tube Hydro-forming (THF) is a unique forming process. Firstly, the tube blank is placed 
into the die, then the tube is filled with high-pressure liquid, which supplements the tube 
with axial pressure to make the diameter expand, and finally the dies are closed. Pipe 
hydroforming technology (also known as net forming technology, internal high-pressure 
forming technology or hydraulic bulging technology) uses a combination of bending, 
partial forming, bulging or extrusion composite forming process to plastically form the 
pipe to obtain various complex hollow members. Compared with the traditional 
machining, stamping, casting, forging, welding and other processes, THF technology has 
the following advantages [12]: 
 
1) Reducing weight 
Since the complex-shaped parts can be formed at one time, the number of structural parts 
and the welding weight are reduced, and less raw materials can be used, so the 
hydroforming technology has a significant weight reduction effect. Compared with 
stamped and welded parts, the hollow structural parts produced by hydraulic forming 
technology can reduce the weight. Also, there are no weld flanges since the entire 
hydroformed part is made of structural tube. This eliminates the double metal thickness 
needed for welding, the weight resulting from the double metal thickness and all the 
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labour that goes into fixturing and welding separate C channels to form an equivalent 
hollow member. 
 
2) Reducing the number of semi-finished parts 
According to statistics, compared with stamped and welded parts, the hydroforming 
technology can reduce the number of parts of the sub-frame of the car, as well as all the 
cumulative costs of manual labour, material handling and the assembly process. Thus, 
there are a lot of savings when hydroforming tubular parts. 
 
3) Reducing the cost of the dies 
Reducing the number of parts can reduce the number of dies, which can save the cost of 
designing and manufacturing dies themselves. 
 
4) Flexibility and innovation 
It can overcome the limitations of traditional manufacturing processes and be applied to 
the design and development of new products. It is precisely because of the above 
advantages that hydroforming technology has been increasingly used in the automotive, 
aerospace, marine, home appliances and other industrial fields. At present, the developed 
countries of the automobile industry such as United States, Germany, Japan, South 
Korea, etc [13].  
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2.2 Research Status and Development Trends 
THF technology began in the 1940s when it was mainly used to form T-tube joints [11]. 
By the end of the 1970s, Germany began basic research on THF technology, and in the 
early 1990s, the technology was first applied to produce automotive structural parts [14]. 
THF technology is a relatively new manufacturing technique compared to conventional 
stamping processes. Currently, many research institutions have carried out a lot of study 
on this technology from different aspects, such as forming mechanism, pipe selection, 
friction characteristics, preform design, forming process, die material and coating 
treatment. 
 
2.2.1 Backgrounds of Research  
1. Theoretical and experimental research 
The main forms of failure of pipe hydroforming are wrinkling, buckling and cracking. 
Muammer Koç used plastic theory and thin film theory to establish an analytical model of 
three failure modes in hydroforming of pipes [15]. He predicted the forming process 
parameters such as internal pressure, axial pressure, back pressure and wall thickness 
reduction, which are fundamentally consistent with the experimental results. Although 
the analytical model has certain limitations and fails to effectively predict the forming 
limit of complex parts, it has a certain guiding role in the design of hydraulic forming 
parts, finite element numerical simulation analysis, and understanding of process 
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parameters. Imaninejad experimented on the bulging of aluminum extruded tubes with 
axial compression and no axial compression, indicating that the forming limit of the latter 
is significantly greater than the former [16]. Fuchizawa S. studied the stress-strain 
relationship of the hydroforming of the pipe based on an experimental device with one 
end fixed and the other end freely movable [17]. The influence of the strain hardening 
index n and the anisotropy index y on the pipe forming was discussed in depth. The 
results show that the value of n increases, the internal pressure required for the tube to 
swell to a certain height increases, and the forming limit also increases. The obtained wall 
thickness is more uniform; the circumferential y value will affect the ultimate bulging 
pressure (final pressure), while the axial y value has a greater influence on the maximum 
bulging ratio [17]. Atsushi Shirayori studied the deformation law of the free bulging of 
the pipe with the initial wall thickness deviation in the circumferential direction [18]. It is 
concluded that the degree of deviation of the pipe wall thickness increases with the 
increase of the degree of bulging.  
 
2. Finite element numerical simulation 
The finite element numerical simulation technology can effectively simulate the flow of 
metal in the hydroforming process of pipes, reveal the stress and strain distribution, wall 
thickness and profile changes. These reflect the influence of different process parameters 
on the forming process and predict and analyze the mechanism defect generation. Also, 
by adjusting the parameters to control the defects, providing scientific basis for the 
 13 
optimization design of the process and the dies thus saving time and reducing the cost of 
the trials and error methods, it has been highly valued by researchers and industry. With 
the development of finite element theory and computer technology, many excellent finite 
element analysis software tools, such as DYNAFORM, ABAQUS, and CATIA have 
been created. 
 
3. Hydroforming equipment 
The hydroforming equipment consists of a clamping hydraulic press, a horizontal push 
cylinder, a high-pressure source, a hydraulic system, a hydraulic system and a computer 
control system. The main functions of each system are: 1. the clamping hydraulic press 
provides the clamping force, during the pressure forming (creating from the stamping 
die), the upper and lower dies are closed and locked. 2. the horizontal cylinder is used for 
axial feeding and tube end sealing. 3. the high-pressure source is used for generating and 
controlling high-pressure liquid, and the core component is supercharger, specifications 
are 200MPa, 400MPa and 600MPa [3]. 4. hydraulic power system provides horizontal 
cylinder, supercharger and clamping hydraulic drive power. 5. hydraulic system provides 
workpiece forming emulsion fast filling, supercharger high pressure chamber rehydration, 
and emulsion circulation filtration. 6. computer control system controls horizontal 
cylinder feed and supercharger internal pressure to form the required internal pressure 
and displacement loading curve [19]. Presently, many companies and research institutes 
have developed hydraulic forming equipment. Two important factors to consider when 
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using hydroformed equipment to produce hydroformed parts are forming cycles and 
precise control mechanisms [20].  
 
2.2.2 Development Trends 
Pipe fitting hydroforming methods have different names in different time periods and 
countries. Depending on different time and country, it could be known as Bulge Forming 
of Tube (BFT) and Liquid Bulge Forming (LBF) [21]. For a while, Hydraulic Pressure 
forming (HPF) was also studied and used by some researchers. In Germany, the 
manufacturer refers to this process as Internal High Pressure Forming (IHPF) [22]. 
 
Although the pipe forming process was used in actual industrial production for only a few 
decades, the development of this technology and the establishment of its theoretical 
system can be traced back to the 1940s [23]. Nowadays, the simulation of hydroforming 
process by finite element method has become an important means for many scholars to 
study and verify theoretical analysis [24]. Using large finite element software tools, such 
as DYNAFORM, ABAQUS, CATIA, etc. to simulate the forming process [25]. The 
deformation of the pipe during the bulging process, such as the excessive thickness of the 
pipe wall thickness; whether there are instability phenomena, such as buckling and 
wrinkling; and the forming limit of the pipe under a specific loading path are predicted to 
formulate a reasonable loading path and design a reasonable die shape. In order to shorten 
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the development time of the forming process and reduce the development cost, the finite 
element simulation itself is constantly developing. 
 
2.3 Overview of Torsion Beam Tube Hydroforming Process 
The torsion beam tube hydroforming process is an asymmetrical spatial three-
dimensional deformation process [26], but the forming process is more complex. In the 
forming process, the most important forming force is the internal pressure acting on the 
inside of the tube blank. The forming method of the torsion beam member can be mainly 
divided into the following three types [26]: the squeezing composite forming method, the 
squeezing separation forming method and the hydroforming method. 
 
2.3.1 The Squeezing Composite Forming Method 
The squeezing composite forming process fills the interior of the tube blank with the 
hydraulic fluids, and the extrusion punch acting on both ends of the tube blank seals the 
medium in the inner cavity of the tube blank [27]. During forming, the extrusion punch 
extrudes the hydraulic fluid to change its volume to produce internal pressure. Therefore, 
the magnitude of the internal pressure is completely dependent on the movement of the 
extrusion punch. In this method, the cavity cannot be refilled, or the extra liquid is 
removed during the forming process, so it is only suitable for torsion beam members with 
certain geometric features. However, this forming method has advantages, such as a 
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simple punch structure, less equipment and devices, convenient operation [28], and also, 
the advantages that the wall thickness of the workpiece is relatively uniform and stable, 
and the variation range is small. Thus, when the cavity is sealed, there is a negative 
feedback effect between pressure and volume. This occurs if the volumetric compression 
of the hydraulic liquid is increased, the internal pressure is increased, the wall of the tube 
is thinned, the outer diameter of the medium is increased, the volumetric compression is 
reduced, and the internal pressure is decreased. Conversely, if the volume compression is 
reduced, the internal pressure is reduced; the pipe wall is thickened, and the outer 
diameter of the shield is reduced; the volume is reduced, and the internal pressure is 
increased. This feedback effect is strong and depends directly on the volumetric 
compression characteristics of the hydraulic liquid. 
 
For the extrusion composite forming, the dimensional relationship of the extrusion punch, 
the die, the tube blank and the bulging medium determines the initial pressure of the 
forming. In the forming process, the adjustment of the forming pressure is difficult and 
can only be carried out within a certain range, primarily by changing the structure of the 
extrusion punch. 
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2.3.2 The Squeezing Separation Forming Method  
Compared with the squeezing composite forming process, the squeezing and separating 
forming process has a pair of forming punches in this process, and the internal pressure is 
generated by a special bulging punch (Figure 7) extrusion forming medium, and the 
numerical value thereof is the extrusion punch which is independent of the motion of the 
forming punch [29].  
 
 
Figure 7. Punches - squeezing separation forming method. 
The pressure generation mechanism in this forming process is similar to the squeezing 
composite forming, but the difference between the two is whether the extrusion punch 
and the forming punch are integrated. In this forming method, the extrusion punch and 
the forming punch are driven by a composite cylinder. Compared with the squeezing 
composite forming, the structure and movement of the punch are more complicated, and 
the life of the die is low, but the generation and adjustment of the internal pressure during 
forming is relatively easy, and the sealing requirement of the forming medium is also 
low. 
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2.3.3 Hydroforming Method 
The principle of the hydroforming method is quite different from the above two forming 
methods. The main difference is that the internal pressure required for forming is 
independent of the movement of the punch and is provided by a special hydraulic system, 
such as a three-stage supercharging system [30]. 
 
 
2.4 Automotive Tubular Torsion Beam Forming 
Passenger vehicle weight reduction is a major priority for the automotive industry. The 
lightweight of the chassis not only helps to reduce fuel consumption, but also greatly 
improves the comfort of the vehicle. The torsion beam is one of the main components of 
the chassis. The traditional torsion beam structure is stamped and formed by steel plates 
[31]. In order to improve the rigidity requirements of the vehicle, it is generally necessary 
to add a stabilizer bar inside the torsion beam, resulting in an increased weight of the 
torsion beam assembly. The current method for reducing the weight of the torsion beam 
is mainly to use a closed variable section tubular torsion beam. The variable-section 
tubular torsion beam has three forming processes of hydroforming, steel pipe stamping 
and thermoforming torsion beam, but the forming process cannot be distinguished from 
the appearance, and the thickness of the steel pipe. 
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The three forming processes are described as follows: 
1. Hydroforming 
The liquid medium is injected into the sealed tube blank to generate a high pressure 
inside, and an axial force is applied to both ends of the tube blank for feeding [32], thus 
the tube blank material is plastically deformed by an external force [33].  
2. Stamp Forming 
The pipe is pre-formed, then it will be placed in the die, and the precision control of the 
die is used to obtain the high-precision pipe parts [34].  
3. Hot Forming 
The heating pipe is sent to the die, and the parts are cooled by the die water channel while 
being formed [35]. 
 
Compared with the steel plate forming torsion beam, the lightweight effect of the tubular 
torsion beam is about 15% lighter [36]. The closed tubular structure greatly improves the 
strength and rigidity of the part, and eliminates the need to install the stabilizer bar, 
reduce the number of parts, and reduces the comprehensive production of parts cost. Steel 
pipe stamping and hydroforming are made by welding high temperature and electrical 
resistant high strength steel materials. The commonly used materials are DP600, FB590, 
S460MC and so on [37]. In order to improve the strength of the parts, some models use 
advanced high-strength steel materials such as CP800 and DP800. However, in order to 
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ensure the quality of the weld, the welded pipe process needs to use the laser welding 
process. As is used in the welding of hydroformed parts [37]. 
 
2.5 Torsion Beam Tube Hydroforming Analysis Method 
Torsion beam tube hydroforming is a complex three-dimensional large deformation 
process [26]. The analysis and research of its hydroforming process are most commonly: 
firstly, the control of the forming force and the matching relationship during the forming 
of the tube blank; second, the influence of important process parameters on the forming 
of the pipe fittings and optimization, in order to improve the forming quality of the 
torsion beam pipe fittings. 
 
At present, the commonly used method for the study of torsion beam forming process is 
theoretical research and mechanical analysis [15]. Since the deformation of the torsion 
beam is complex, large and three-dimensional, and the mechanical analysis derivation 
does not completely reflect the deformation of the pipe fitting, so the results obtained 
from the analysis are quite different from the actual experiment. With the rapid 
development of computer science and the gradual maturity of finite element simulation 
technology, CAE technology simulation analysis of metal plastic forming process 
deformation law is more and more widely used in production practice. The successful 
application of CAE technology [38] cannot only shorten the development cycle of dies 
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and new products, reduce costs, improve the market competitiveness of enterprises, but 
also facilitate the combination of finite element analysis and traditional experimental 
methods. Thus, it promotes the rapid development of modern manufacturing of dies. 
Therefore, this is the reason for using the special DYNAFORM software to simulate the 
hydroforming process of a torsion beam, mainly for the loading relationship between the 
torsion beam forming force and the important parameters affecting the forming of the 
torsion beam. Several well-developed FEA software tools exist that can do finite element 
analysis simulation for hydroforming, such as DYNAFORM and CATIA. This research 
uses DYNAFORM to maintain the consistency with the technology used by Longchang 
Shanchuan Precision Welded Pipe Co. Ltd., the sponsor in China. DYNAFORM is 
preferable because it can detect the thinning rate of projects easily and precisely, and the 
thinning rate is the only determining condition in this project. 
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2.6 Main Factors Affecting the Formation of Automotive Tubular Torsion Beam 
The forming process of automobile tubular torsion beam is a typical three-dimensional 
large deformation of space. The forming process is complicated and there are many 
intricacies. The main aspects are as follows: 
 
1. Process Power 
In the automotive tubular torsion beam forming process, there are four forces acting; 
internal pressure, pressing force, balance force and clamping force [39]. The first three 
are forming forces, and their size and proportional relationship are very important, which 
directly determines the stress-strain state during the deformation of the pipe. During the 
forming process, the internal pressure of the tube forming is provided by an external 
pressurizing device. The internal pressure acts uniformly on the inner surface of the pipe 
member. In addition to its function of bulging [40], the pressure also prevents the inner 
part from bending and folding and produces an ultra-high-pressure hydrostatic stress. The 
pressing force is provided by the left and right pressing punches. The squeezing force 
mainly shifts the metal to the deformed rounded transition zone, which is beneficial to the 
flow of the metal, so as to continuously replenish the metal in the deformation process of 
the pipe, the balance punch provides the balance force of the end of the branch pipe, and 
its function is to counter balance of the liquid pressure inside the pipe on the top of the 
branch pipe, improve the stress and strain state of the branch pipe and the rounded 
transition zone, flatten the top of the branch pipe [41], and make it in the state of 
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compressive stress, therefore this finally becomes the force transmission zone. The 
combined action of these three forces allows the tube blank to be formed under ultra-
high-pressure hydrostatic pressure [42]. 
 
 
2. Dies  
(1) The shape and size of the die cavity, especially the radius of the corner radius of the 
transition zone, will directly determine the deformation of the tube blank. 
(2) The manufacturing and assembly precision of the die is often neglected in the 
quantitative analysis for the asymmetry and eccentric part forming process. This is one of 
the key causes for the large deviation between the theoretical analysis and the test results. 
(3) The surface quality of the die mainly refers to the surface roughness. This will greatly 
affect the friction coefficient. 
(4) The rigidity and strength of the die directly affect the geometry and dimensional 
accuracy of the part. 
In addition, since the liquid is a bulging medium [43], the precision of the die greatly 
affects the sealing of the high-pressure liquid and determines whether the forming can 
proceed. Therefore, in the case of technical and economical rationality, the precision of 
die processing should be as high as possible, and the rigidity should be as great as 
possible.  
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3.  Extrusion Punch 
This mainly refers to the accuracy of the synchronous movement of the two left and right 
extrusion punches in hydroforming. The synchronism of the punch movement affects the 
symmetry of the deformation and has a strong influence on the deformation size. If the 
punch movement cannot be kept in sync, large shear deformation will occur in the 
transition zone, which is very unfavorable for the process [44]. Therefore, effective 
measures should be taken to ensure the accuracy of synchronous motion. 
 
4. Lubrication 
Friction can cause uneven distribution of stress and strain fields and increase of 
deformation resistance, plus scratches on the surface of the workpiece. Therefore, a 
suitable lubricant (the hydraulic liquid and oil are used often) should be used, and a good 
lubrication state should be maintained to reduce friction. 
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Chapter 3 FEA Simulation Software Tools 
3.1 Finite Element Analysis 
The Finite Element Method is one of the most widely used and most viable methods in 
numerical analysis of metal forming [45]. In the past two decades, automotive parts 
manufacturers have done a lot of research on finite element theory, unit type, constitutive 
material relationship, model contacting and algorithm, which makes its application in 
metal forming analysis become increasingly more common. From the 1970s to the mid-
to-late 1980s, researchers could only solve the plane and the axisymmetric problem. 
However, by the 1990s, more complicated three-dimensional problem could be solved 
[45]. At present, people are constantly improving the calculation efficiency and precision, 
and beginning to develop in the direction of practical use. 
 
The basic principle of the finite element method is to divide the continuous medium to 
solve the unknown field variable into a finite number of units [46], which are connected 
by nodes. The field variables in each unit are determined by the node value through the 
interpolation function, and the force between the units is transferred by the nodes, which 
is based on the equation of motion or stiffness equation established by the principle of 
virtual work or similarly the variational principle of energy functionals. Then the 
elements are integrated to form the overall motion equation or the overall stiffness 
equation of the problem. Finally, the numerical solution is performed to obtain the node 
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value of the basic unknown (generally displacement), and then the values of other field 
variables are obtained. 
 
At present, the finite element method has become one of the main numerical analysis 
methods for analyzing and studying metal plasticity problems. Compared with other 
methods, the finite element method has a lot of advantages. First of all, due to the 
flexibility of the unit shape [47], the finite element method can be applied to any material 
model, any boundary condition, and any structural shape. Hence various plastic forming 
processes of metal materials can be analyzed by the finite element method. Secondly, the 
finite element method can better deal with problems such as frictional contact boundaries; 
these cannot be compared with other methods. Thirdly, the finite element method can 
provide detailed information on the metal plastic forming process, including stress field 
and strain field, velocity field, equivalent strain distribution, etc [48]. Moreover, the finite 
element method can be combined with computer-aided design technology to provide a 
reliable basis for designing the forming process and die structure design. Lastly, because 
the calculation process is completely computerized, it can solve the forming problem of 
large and complex fragments.  
 
However, the finite element method also has its limitations. Firstly, the finite element 
method cannot analyze the forming problem that is completely determined after the 
numerical expression of the process conditions, and only the discrete numerical solution 
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can be obtained. The influence of each process factor on the process and the relationship 
between them are not easy to uncover, so multiple calculations need to be performed for 
the comparative analysis [49]. Secondly, the amount of calculation is large when 
performing large plastic deformation, so a large-capacity computer and a long calculation 
time are required. Thirdly, the calculation accuracy. Since the finite element method is a 
numerical calculation method, there are various factors that cause errors in a calculation 
process, such as the minor differences between a numerical model and a real model, 
boundary contact condition processing and iterative convergence processing. These 
deficiencies [50] are constantly being improved with the further improvement of finite 
element theory and the rapid advancement of computer technology.  
 
3.2 DYNAFORM for Metal Forming 
The finite element technology has been produced and put into use for 30 years, and the 
rapid development of computer technology and the improvement of computing methods 
have greatly promoted the development and application of finite element technology. At 
present, the finite element analysis software tools, such as eta/DYNAFORM, ABAQUS, 
CATIA, etc. [25], are widely used in the field of metal plastic forming analysis. By 
analyzing and comparing the characteristics and application of each finite element 
simulation software, aiming at the hydraulic forming deformation characteristics of the 
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pipe fittings, the eta/DYNAFORM software was used to simulate the hydraulic forming 
process of the pipe. 
 
Eta/DYNAFORM is a special software tool for metal forming simulation. It is a special 
software package developed by ETA (Engineering Technology Associates) for metal 
forming simulation, which can help die designers to significantly reduce the die 
development design time and test cycle, not only does it have good ease of use, but it also 
includes A large number of intelligent automatic tools that can easily solve various types 
of plate forming problems. Its main application areas are: 1. typical sheet metal forming 
process such as stamping, blanking, drawing, bending, rebounding, and multi-step 
forming; 2. hydroforming, roll forming; 3. die design; 4. press load analysis and so on. 
 
It can help engineers and technicians reduce the stamping product development cycle, 
solve the problems of formability, wrinkling, rebounding, indentation and press tonnage 
prediction in die design. It is an efficient metal forming simulation tool. Compared with 
other finite element analysis software tools, DYNAFORM has the advantages of accurate 
simulation results, single environment analysis, automation, display solution method, 
implicit solution method, and seamless conversion. 
 
DYNAFORM includes all the functions of interface, pre- and post-processing, and 
analytical solutions required for board forming analysis. It can predict the cracking, 
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wrinkling, thinning, scratching and rebound of the sheet during the forming process, and 
evaluate the forming properties of the sheet, thus helping the sheet forming process and 
die design. Currently, eta/DYNAFORM has been widely used in major automobile, 
aviation, steel companies, and many universities and research institutes.  
 
3.3 Main Features of DYNAFORM 
The DYNAFORM finite element analysis system is a metal forming simulation software 
package based on LS-DYNA [51]. Its solver LS-DYNA is the world's most well-known 
finite element explicit nonlinear dynamic analysis solver. It has a very powerful 
calculation function thus it is widely used. The main features of DYNAFORM finite 
element analysis software are: 1. integrated operating environment, no data conversion: 
complete pre- and post-processing functions, no text editing operation, all operations are 
performed under the same interface; 2. Solver: Using the industry-famous and most 
powerful LS-DYNA, it is the founder and leader of dynamic nonlinear display analysis 
technology, solving the most complex metal forming problems; 3.  Process analysis 
process: Covers many factors affecting the stamping process; has a good process 
interface, easy to learn and use; 4. solidified practical engineering experience for a variety 
of platforms. [52] 
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Chapter 4 Methodology 
4.1 Torsion Beam Finite Element Model 
As shown in Figures 8, it shows the mesh model in the finite element simulation analysis 
of the torsion beam tube hydroforming in DYNAFORM. The torsion beam is a face-
symmetric geometry, its symmetry plane is the face formed by the main axis and the 
branch pipe axis. 
 
 
Figure 8. FEA model in DYNAFORM. 
 
4.2 Torsion Beam Material  
At the request of the customer, CP800 was selected as the simulation material. CP800 is a 
high-strength steel, and its stress-strain curve (Figure 9) is available in the material bank 
of DYNAFORM. The yield strength of CP800 is 778 MPa [53]. 
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Figure 9. CP800 stress-strain curve. 
Following the cylinder vessels yield strength formulas [54] 
 𝜎 = #$%        
 
Equation Variables 𝜎=the yield strength (MPa) 𝑝=the pressure (MPa) 𝑟=the radius (mm) 𝑡=thickness (mm) 
Table 1. Equation variables. 
The maximum pressure can be obtained as 𝑝)*+ = 𝜎 %$ , where 𝜎 stands for the yield 
strength of CP800 is 778 MPa. Moreover, this maximum pressure cannot be exceeded 
when the die is closed as well, nor when the entire exterior surface of the part is in 
contact with the press die tooling. The thickness is 3.5 mm and the diameter of the tube is 
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101 mm (Figure 5, Section 1.3), so the radius comes to 50.5 mm. Thus, after 
implementing all the numbers, 𝑝)*+ becomes, 𝑝)*+ = 778	𝑀𝑃𝑎	 3.5	𝑚𝑚50.5	𝑚𝑚 𝑝)*+ = 53.9	𝑀𝑃𝑎 
 
This means the tube with thickness 3.5 mm and the material CP800, can only bear the 
pressure value less than 53.9 MPa, otherwise it has a highly increased possibility of 
breaking, and so the setting of the pressure during simulation cannot exceed 53.9 MPa. 
 
4.3 Simulation Factors 
Design requirement #6 of the technical requirements asserts that the thinning rate should 
not exceed 10% (Figure 6). This is crucial because it is the determining condition as to 
whether the results can be considered valid. The thinning rate needs to be calculated after 
each simulation, and if the thinning rate is more than 10%, the simulation will be 
considered unacceptable because the metal thickness cannot be less than 90% of the 
original cross-sectional thickness. Thus, if the thinning rate exceeds 10%, the metal 
thickness will be considered inadequate. As outline Table 2, there are three factors that 
should be considered during this simulation: the pressure, the mesh size, and the loading 
time.  
 
 33 
 
Factors 
Pressure (MPa) Mesh (mm) Time (s) 
0 
5 
1 
2 
3 
10 
1 
2 
3 
15 
1 
2 
3 
10 
5 
1 
2 
3 
10 
1 
2 
3 
15 
1 
2 
3 
20 
5 
1 
2 
3 
10 
1 
2 
3 
15 
1 
2 
3 
30 
5 
1 
2 
3 
10 
1 
2 
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Factors 
Pressure (MPa) Mesh (mm) Time (s) 
3 
15 
1 
2 
3 
40 
5 
1 
2 
3 
10 
1 
2 
3 
15 
1 
2 
3 
50 
5 
1 
2 
3 
10 
1 
2 
3 
15 
1 
2 
3 
Table 2. Three factors with different levels. 
 
The initial pressure has six levels, which are 0, 10 MPa, 20 MPa, 30 MPa, 40 MPa and 50 
MPa (Table 2). High pressure may result in breaking of components because the 
maximum pressure that the material can bear is 53.9 MPa (Section 4.2), so the greatest 
pressure setting is 50 MPa. The pressure value here is the initial pressure before the 
hydroforming process gets started. For example, when the pressure is at 0, that does not 
 35 
mean the whole process has zero pressure, but the initial pressure is at 0, so the pressure 
factor is the initial pressure, not the increasing pressure during the process. The hydraulic 
liquid, as the use of lubricant, will be infused before the whole process gets started. Once 
it is done, the axial feedings at both sides will start to move close to the tube ends, in 
order to seal the tube prior to the stamp cycle (Figure 10). 
 
 
Figure 10. Tube sealing prior to stamp cycle. 
The pressure will be increasing due to the upper die started to form the tube, and the 
hydraulic liquid inside will counter-act on the inter surface of the tube, which is how the 
pressure created, and this high pressure would be released prior to opening the die. Thus, 
the increasing pressure during the stamping cycle is various, and DYNAFORM 
simulations also provide the pressure increase during the stamp cycle.  
 
Secondly, the mesh size will affect the calculation time and results during the FEA 
simulation. Smaller mesh sizes will give more precise simulation results, but it takes 
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more time, so the mesh size has been determined as three levels, which are 5 mm, 10 mm 
and 15 mm.  
 
The third factor, loading time (formation cycle time), also has three levels: 1, 2, and 3 
seconds. The time mimics the duration of the actual manufacturing process. This is the 
time duration that the upper die requires to finish the job starting from tube contact to 
form completion. For example, when the time is at one second, the time between surface 
contact with the tube to the tube becoming the desired shape of a torsion beam is one 
second. The time is very important because different time setting will affect the thinning 
rate in the end. According to the simulation results in Chapter 5, the faster the time 
setting is, it is more possible to have a breakage at the tube. 
  
 37 
Chapter 5 Results  
5.1 Simulation Results   
The three factors with different levels have been tested one by one during separate 
simulations in DYNAFORM. There were 54 simulations in total, and the thinning rates 
have been calculated and shown in the fifth column of Table 3. The Note (Table 3) was 
made to indicate whether the thinning rate was greater or smaller than 10%. However, 
there were some warning messages reported by DYNAFORM due to some issues, such 
as some parts of the pipe edging were broken (minor little breakage at certain points on 
the surface of the torsion beam) by the end of the simulation. Although the determining 
condition of success is the thinning rate being less than 10%, some thinning rates with 
less than 10% were still recorded as warnings by DYNAFORM, and the most common 
warning situation would be that the pressure was set too high. Ultimately the project 
(pipe) experienced cracking whilst using these settings. Although the internal hydraulic 
pressure was released prior to opening the die, this would not resolve concern of the 
pressure being too high since the breakage occurred during the forming. 
 
Runs Pressure (MPa) Mesh (mm) Time (s) Thinning Rate (%) Note 
1 
0 
5 
1 23.367 >10% 
2 2 1.694 Warning 
3 3 4.405 <10% 
4 
10 
1 4.642 <10% 
5 2 0.575 Warning 
6 3 1.742 Warning 
7 15 1 14.242 >10% 
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Runs Pressure (MPa) Mesh (mm) Time (s) Thinning Rate (%) Note 
8 2 2.678 Warning 
9 3 11.942 Warning 
10 
10 
5 
1 15.38 >10% 
11 2 2.198 Warning 
12 3 2.326 Warning 
13 
10 
1 28.262 >10% 
14 2 30.255 >10% 
15 3 27.488 >10% 
16 
15 
1 26.743 >10% 
17 2 18.61 >10% 
18 3 25.638 >10% 
19 
20 
5 
1 15.288 >10% 
20 2 3.088 Warning 
21 3 20.359 Warning 
22 
10 
1 115.121 Warning 
23 2 100.05 Warning 
24 3 104.575 Warning 
25 
15 
1 2956 Warning 
26 2 189.888 Warning 
27 3 100 Warning 
28 
30 
5 
1 16.58 >10% 
29 2 4.965 Warning 
30 3 4.695 Warning 
31 
10 
1 102.396 Warning 
32 2 100.179 Warning 
33 3 100.316 Warning 
34 
15 
1 101.546 Warning 
35 2 101.584 Warning 
36 3 101.923 Warning 
37 
40 
5 
1 18.145 >10% 
38 2 7.119 Warning 
39 3 118.937 Warning 
40 
10 
1 102.942 Warning 
41 2 101.477 Warning 
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Runs Pressure (MPa) Mesh (mm) Time (s) Thinning Rate (%) Note 
42 3 116.246 Warning 
43 
15 
1 340.224 Warning 
44 2 85.006 Warning 
45 3 84.436 Warning 
46 
50 
5 
1 27.338 Warning 
47 2 131.829 Warning 
48 3 119.604 Warning 
49 
10 
1 108.948 Warning 
50 2 106.849 Warning 
51 3 100.12 Warning 
52 
15 
1 99.983 Warning 
53 2 100.192 Warning 
54 3 94.254 Warning 
Table 3. DYNAFORM simulation results. 
 
According to Table 3, the greater the pressure set, the more warnings were reported. 
When pressure was at 10 MPa, 20 MPa and 30 MPa, there was only one calculation 
without any warning message for each pressure setting. As for the 50 MPa pressure 
setting, all nine simulations had warning messages, no matter what the mesh or time 
settings were. Overall, only two settings can be considered as acceptable, which are run 3 
and 4, because they both had no warning message reported and the thinning rates were 
less than 10%. Since the objective is to minimize the thinning rate, the best result was 
from run 3 with a 4.4% thinning rate (Table 3). When the thinning rate was greater than 
100%, there was a warning message from DYNAFORM, which meant there was a 
breakage to the tube. For example, a four-digit number (2956) appears in the thinning rate 
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column of Table 3, which is a theoretical result generated by DYNAFORM and indicates 
the breakage of the tube. 
 
 
5.2 Mathematical Model 
In order to create a reference equation for future thinning rate predictions under the 
similar manufacturing processes, a regression equation was generated with MNITAB. 
Thus, instead of running the FEA simulation again, the thinning rate can be calculated 
using this equation.  
 
The worksheet input is shown in Table 4. There were two factors had been considered in 
MINITAB analyzing, which were pressure and time. Only pressure and time would affect 
the manufacturing processes, and the mesh size is only related to the FEA simulation. 
Since the regression equation will be used to predict the thinning rate by manufactures, 
the mesh size will not be considered for the regression equation. The time has three levels 
as the FEA simulation, but the pressure has five levels instead of six because the values 
of thinning rates with pressure at 50 were unacceptable and also warning messages were 
reported in DYNAFORM, so those values have been removed in order to approve the 
accuracy of the regression equation. All the thinning rates from DYNAFORM have been 
written down. Although when the thinning rates are greater than 10% is not acceptable by 
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the manufactures, they are still the real results from the FEA simulations, and still need to 
be analyzed for research. 
 
 
StdOrder RunOrder PtType Blocks P T thinning rate 
1 1 1 1 0 1 4.642 
2 2 1 1 0 2 0.575 
3 3 1 1 0 3 1.742 
4 4 1 1 10 1 28.262 
5 5 1 1 10 2 30.255 
6 6 1 1 10 3 27.488 
7 7 1 1 20 1 115.121 
8 8 1 1 20 2 100.05 
9 9 1 1 20 3 104.575 
10 10 1 1 30 1 102.396 
11 11 1 1 30 2 100.179 
12 12 1 1 30 3 100.316 
13 13 1 1 40 1 102.942 
14 14 1 1 40 2 101.477 
15 15 1 1 40 3 116.246 
Table 4. MINITAB worksheet. 
During the analysis, there was no replicated simulation (n=1) because the data was 
collected from software tool would produce the same results for the thinning rates. The 
obtained results were irrespective of the number of times the simulations were run but 
were only identical as long as the values of the input variables were the same. Thus, there 
was no need to produce further repeats for the simulations.  
 
 
 42 
The regression equation is obtained as  
thinning rate = 13.4 + 2.814 P - 0.30 T 
where P stands for pressure and T is for time. This equation can predict similar 
simulation scenarios in the future. This equation can be used to predict theoretical results 
by inputting the values of the variables (pressure and time) in the current simulation. For 
example, if we want to know the thinning rate with the pressure at 2 MPa and time at 1 
second, there is no need to run the FEA simulation in DYNAFORM when we have this 
equation. Simply implement the numbers, the theoretical thinning rate is calculated as 
thinning rate  =  13.4 + 2.814*2 – 0.3*1 = 18.728 
 
 
 
 
5.3 Significant Factors 
Based on the evidence provided by the data sample, hypothesis testing is a rule to specify 
whether a statement is affirmative or negative. The P-value (the probability) is commonly 
used in hypothesis testing, and it reflects the probability of an event occurring. The P-
value is type I error, which is the probability of rejecting Ho when Ho is true. Whilst 
analysing the data in MINITAB, the most significant factor can be determined according 
to the P-value. The P-value is a way of determining whether the test factors were rejected 
or not at a given level of significance [55]. The P-value obtained by the statistical method 
according to the significance test was generally considered the data to be significant at P 
< 0.05, so it is customary to define the level of significance to be 0.05 [55]. When 
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P>0.05, the factor is not significant. According to the statistical principle, the null 
hypothesis could not be denied, but the null hypothesis was not established. In this 
analysis, if the P-values of factors are greater than 0.05, it does not mean that the two 
factors are not significant or equivalent, there are more analysis need to be done to 
determine the significance of factors. The P-values can be obtained from Table 5 
(ANOVA, the analysis of variance table) which is generated by MINITAB. 
 
 
Source DF Adj SS Adj MS F-Value P-Value 
Regression 2 23762.2 11881.1 22.51 0.000 
P 1 23761.3 23761.3 45.02 0.000 
T 1 0.9 0.9 0.00 0.968 
Error 12 6333.2 527.8 
  
Total 14 30095.4 
   
Table 5. ANOVA (analysis of variance). 
 
By observing the P-value, the factor pressure is 0, which can be considered as significant. 
However, the P-value of time is 0.968, which is way greater than 0.05, so it does not 
affect the results too much. In order to confirm the significance furthermore, the 
individual source effects can be directly compared by calculating and ranking the 
percentage contribution of sum of squares. The calculations of the percentage of 
contribution of Adj SS are shown in Table 6. 
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Source Calculation Percentage Contribution 
Pressure 89:;<.99==>?.@  78.9% 
Time =.>9==>?.@  0.1% 
Error ;999.89==>?.@  21.0% 
Total  1 
Table 6. Percentage contribution of sum of square. 
Observing the calculation results (Table 6), we find that the greatest percentage 
contribution is the pressure at 78.9%, and this result match with the conclusion based on 
the P-value. Thus, we confirm that pressure is a significant factor. 
 
 
 
 
5.4 Model Summary 
In general, according to the value of R-sq (R-squared) in Table 7, we can say that the 
model fits with the data. The value of R-sq is between 0 to 100%, and it represents the 
percentage of variation in the results of the experiments. The higher the R-sq value 
(closer to 100%), the better the model fits the data [56]. In the model summary, the R-sq 
is 78.96% (Table 7), which is very close to 80%, thus the model is adequate.  
 
 45 
As we can see in Table 7, the R-sq(adj) (adjusted R-squared) is a little smaller than R-sq, 
75.45%. R-sq(adj) is used to compare with different predictors. The predictors here are 
the pressure and time, but if more predictors are added to the model, the R-sq will 
increase even if the model does not actually improve [56]. The adjusted R-sq value 
contains the number of predictors in the model to in order to choose the right model. As 
for R-sq(pred), 68.7%, it is the predicted R-sq, and is used to predict the response of new 
observations, and the model with greater R-sq(pred) typically has better predictive 
capability [56].  
 
 
S R-sq R-sq(adj) R-sq(pred) 
22.9732 78.96% 75.45% 68.70% 
Table 7. Model Summary. 
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5.5 Scatterplots 
By plotting the regression line and the values of factors separately, Figure 11 and Figure 
12 are obtained. Figure 11 shows the regression line with the scatter plots of pressure 
values, while Figure 12 shows the regression line with the time values. These figures 
illustrate that the pressure plays a major role in the regression equation, but the time does 
not substantially affect the equation. These are the same results as in the P-value in the 
ANOVA table, as well as matching the percentage contribution of sums of squares. Thus, 
we can say that pressure is significant to the model and also sensitive to the simulation 
results, which explains the reason that the FEA simulation started to suggest breakage at 
the tube when the pressure was set too high. 
 
 
Figure 11. Scatterplot of thinning rate vs P. 
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Figure 12. Surface plot of thinning rate vs T. 
The 3D scatterplots were also obtained in order to see the results more clearly. T (time) 
and P (pressure) are the predictors in this analysis, and the thinning rate is the response 
variable, which is represented by a surface of the 3D surface plot in Figure 13. Because 
the purpose is to minimize the thinning rate, the surface (Figure 13) illustrates that the 
pressure should be set as low as possible, which corresponds to the lowest thinning rate 
with the pressure at 0. Moreover, the time settings seem to give very close results to this 
3D scatter plot. For example, when we look at the lowest thinning rate, the corresponding 
time is at 1s, 2s or 3s. This matches the result that the factor, time, is not significant to the 
mathematic model or the simulation results. Figure 14 is the 3D scatter plot that 
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represents the same results as Figure 14, but the scattered dots are more obvious to 
demonstrate their locations in the 3D coordinates and obtain the values. 
 
 
Figure 13. Surface plot of thinning rate vs P, T. 
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Figure 14. 3D scatterplot of thinning rate vs P vs T. 
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Chapter 6 Conclusions and Future Research 
6.1 Conclusions 
The current study analyzed 54 combinations of the different factor settings—pressure, 
mesh size, and time—for the simulation of the torsion beam tube hydroforming process, 
and the simulations were run one by one in DYNAFORM. The final thinning rates of 
each simulation were obtained and the lowest thinning rate (4.4%) was selected with the 
pressure at 0 MPa, mesh at 5 mm and time at 3 seconds. Pressure is clearly the significant 
factor for the thinning rates, but time had little effect on the thinning rates. It was 
determined that the maximum theoretical pressure that CP800 can bear is 53.9 MPa. 
During this tube hydroforming process, high pressure greater than 10 MPa may result in 
unacceptable issues such as component breakage.  
 
The model is adequate, and the methods used in this thesis are both useful and beneficial. 
The model has been used in the manufacturing process already and can be applied 
repeatedly in future applications. Based on the collected simulation data in MINITAB a 
regression equation was created. This provided a reference equation that predicts the 
thinning rates by implementing the factors as desired, which in turn provides theoretical 
result more quickly than running a FEA simulation with new values of variables. 
According to the data analysis results (P-value, Table 5, and the percentage contribution 
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of the adjusted sums of squares from the Analysis of Variance, Table 6), the significant 
factor (pressure) for this simulation has been determined. 
 
 
6.2 Future Research 
The current study has demonstrated that this model is applicable to the tubes with shapes 
and dimensions consistent with the material selected for the study, and it is reasonable to 
assume that can be applied in similar circumstances. However, this needs to be verified 
by future research. Thus, to confirm these findings and determine their broader 
applicability, future researchers should simulate the same study with the similar but 
varied factors and scenarios, including different sizing, materials, and the parameters of 
the models. Introducing these kinds of conditional changes has the potential to determine 
this model’s full range of applications. The physical measurements of actual production 
parts are also recommended, in order to validate the accuracy of the simulation results 
and the regression equation. 
 
Based on the analysis, pressure factor will need the most consideration before 
undertaking real world forming projects in the future. During this experiment the pressure 
was tested at six levels, and 54 simulations were run. Therefore, the research still has 
some limitations. In order to make the results more precise, more detailed pressure 
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settings should be added and to be analyzed in the future. For example, adding four more 
levels with 2 MPa, 4 MPa, 6 MPa and 8 MPa to be simulated in DYNAFORM. 
Improving accuracy could give enhance pressure setting, which will benefit the 
hydroforming process.  
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Appendices 
Appendix A Technical requirements of the torsion beam 
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Appendix B Regression Analysis  
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Appendix C Regression Analysis – Regression Plots 2D 
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Appendix D Regression Analysis – Regression Plots 3D 
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Appendix E Regression Analysis – Residual Plots 
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Appendix F General Factorial Regression with 54 Runs 
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Appendix G General Factorial Regression – Plots 
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